The spread of parasites is inherently a spatial process often embedded in physically complex landscapes. It is therefore not surprising that infectious disease researchers are increasingly taking a landscape genetics perspective to elucidate mechanisms underlying basic ecological processes driving infectious disease dynamics and to understand the linkage between spatially dependent population processes and the geographic distribution of genetic variation within both hosts and parasites. The increasing availability of genetic information on hosts and parasites when coupled to their ecological interactions can lead to insights for predicting patterns of disease emergence, spread and control. Here, we review research progress in this area based on four different motivations for the application of landscape genetics approaches: (i) assessing the spatial organization of genetic variation in parasites as a function of environmental variability, (ii) using host population genetic structure as a means to parameterize ecological dynamics that indirectly influence parasite populations, for example, gene flow and movement pathways across heterogeneous landscapes and the concurrent transport of infectious agents, (iii) elucidating the temporal and spatial scales of disease processes and (iv) reconstructing and understanding infectious disease invasion. Throughout this review, we emphasize that landscape genetic principles are relevant to infection dynamics across a range of scales from within host dynamics to global geographic patterns and that they can also be applied to unconventional 'landscapes' such as heterogeneous contact networks underlying the spread of human and livestock diseases. We conclude by discussing some general considerations and problems for inferring epidemiological processes from genetic data and try to identify possible future directions and applications for this rapidly expanding field.
Introduction
Population genetics can be a powerful tool for quantifying disease dynamics from within individuals to across large-scale geographic regions. Interactions among hosts and pathogens at the landscape scale are of particular interest since heterogeneous features of habitat and environment associated with different spatial scales affect many infectious disease patterns (Archie et al. 2009 ).
While an increasing trend in addressing landscape level phenomena in epidemiology is apparent it is also important to recognize historical precedents for attending to environmental spatial heterogeneity in understanding disease dynamics. Researchers have long been interested in how environmental variables contribute to the emergence and distribution of parasites and infectious diseases (Ostfeld et al. 2005) and in a number of cases this research has also harnessed the power of molecular markers to assess spatial and temporal differentiation and change (Nadler 1995; Barrett et al. 2008) . The aim of the current review is to illustrate how modern genetic analyses can contribute to our understanding of infectious disease processes in spatially complex environments and to review both novel applications and developments at the interface of landscape genetics and epidemiology. At the same time, we highlight previous work that predates the formal introduction of 'landscape genetics' as a separate research area.
For some authors, a landscape genetics approach requires a spatially explicit statistical analysis of genetic data often restricted to a local to regional spatial scale (Manel et al. 2003) . However, for the purpose of this review, we take a broader view, that includes spatially implicit studies as well phylogeographic approaches. In a sense, we are using 'landscape' as shorthand for heterogeneous space that can influence microevolutionary processes in parasite populations across scales, from within individual hosts to global species distributions. In essence, we are suggesting that 'landscape genetics' be defined by a conceptual approach rather than a set of analytic tools. An approach that highlights the inevitable linkage between the spatial context of ecological dynamics and evolutionary process, which is revealed in genetic signatures that reflect the underlying forces shaping evolutionary and ecological trajectories. We believe this wider definition is useful because it allows us to consider a broader range of studies and analytical approaches and to also draw from the instructive examples coming from human and livestock diseases. While the spread of some of these agents may not take place in natural landscapes, environmental heterogeneity often affects their genetic structure nonetheless, so that these cases can be conceptually informative and often provide superlative illustrations of the fundamental linkages between landscape ecology and population genetics. In addition, some of these definitional boundaries can become rather blurred depending on the infectious organisms in question. In the context of rapidly evolving parasites such as RNA viruses or bacteria, for example, phylogeographic analyses can consider the same small spatial and temporal scales that are the focus of most landscape genetic studies (Holmes 2004; Real et al. 2005) .
Apart from redefining what constitutes a 'landscape', there are a number of other considerations that are particularly or uniquely relevant when trying to apply landscape genetics principles to infectious organisms:
• Because parasites ultimately rely on host resources, landscapes exert an organizing influence on their populations in large part by affecting the distribution, accessibility and abundance of susceptible hosts. Environmental factors may often be the ultimate drivers of these patterns, in which case parallels can be drawn to nonparasitic species dependent on patchily distributed resources. However, environmental heterogeneity is not a necessary requirement for genetic discontinuities to emerge, as seen in sexually transmitted diseases where structure may result exclusively from varying host contact patterns.
• As a consequence of the previous, infectious organisms (especially microparasites) have the potential to modify the landscape they are embedded in, for example by reducing the density of susceptible hosts through death or acquired immunity. Genetic signatures resulting from the interactions between epidemiological dynamics and physical environment can thus vary markedly and over short time periods, such as before and after an outbreak. Important from an analytical point of view, such rapid fluctuations can render the use of population genetic models that rely on stability assumptions (e.g. migration-drift equilibrium) inappropriate.
• Landscape genetics focuses on contemporary microevolutionary processes but distinguishing these from historical effects can be difficult. As a general rule, parasites are characterized by relatively high rates of mutation, population growth and population turnover, traits that facilitate the emergence of novel population genetic structure (that may in fact often override any historic signatures). However, for studies focussing on more slowly evolving parasites, host or vector species, the question how population genetic patterns relate to contemporary epidemiological dynamics still arises commonly. Similarly, for parasites maintaining a high effective population size, genetic discontinuities may take considerably longer to become apparent due to the reduced effect of drift.
• Many parasites have multiple means of dispersal, in particular if they have environmental reservoirs, broad host ranges or infect both wild and humanassociated species. Due to multiple transmission processes potentially acting simultaneously in those cases, complex spatial genetic patterns may arise that cannot easily be related to environmental predictors and thus present considerable analytical challenges. At the same time, landscape genetic approaches may play a useful role in these situations by helping to discriminate between alternative epidemiological hypotheses or by quantifying the relative contribution of different ecological processes to overall pattern, effectively partitioning the contribution of different forces associated with landscape features or population processes.
These points will be reiterated and further illustrated throughout this review, which is loosely based on major research themes in landscape genetics identified by Storfer et al. (2007) , who also emphasize spatially dependent ecological processes without reference to any particular scale. We start by discussing the role of environmental factors in structuring the geographic distribution of genetic variation within parasite populations. We contrast this with studies that have tried to infer disease dynamics indirectly based on genetic population structure in the host. The focus on dynamical processes, as opposed to stable population genetic patterns, is developed further in the two subsequent sections, where we demonstrate how genetics can provide information about (i) the temporal and spatial scales of epidemiological processes and (ii) how diseases invade and occupy new spatial locations both within and among hosts. We conclude by discussing some general considerations and current limitations of landscape genetic approaches with respect to infectious diseases and by pointing to new lines of research for which cross-fertilization between the landscape ecology and population genetics of disease could be particularly stimulating and productive.
Environmental determinants of parasite genetic structure
Parasites differ greatly in the degree to which their populations are genetically partitioned, as might be expected given their wide range of life history patterns and modes of dispersal (Nadler 1995; Criscione et al. 2005; Barrett et al. 2008) . Extremely fine-grained structure can be found if transmission takes place exclusively through local contact processes. Such patterns of local differentiation have been observed in, for example, soil-born pathogens (Campbell & Madden 1990) or hosts characteristically living within tight social groups (Nadler 1995) where local contact processes dominate transmission. At the other end of the extreme, winddispersed plant pathogens may undergo gene flow on continental and global scales (Brown & Hovmoller 2002) . Regardless of the specific dispersal mechanism, spatial dissemination will often be modulated by local environmental conditions (Barrett et al. 2008) , which can include a wide range of factors from particular landscape components and overall landscape structure to environmental gradients or physical patterns associated with wind and water flow.
For the large group of parasites that depend on their hosts or vectors for dispersal, genetic discontinuities should correlate with environmental features that have a strong influence on host or vector movement and population structure. Such a structuring influence may be overridden however, if alternative means of long-distance dispersal exist for example due to a more mobile intermediate or definitive host or human involvement (Criscione & Blouin 2004; Jancovich et al. 2005; Keeney et al. 2009 ). Mountain ranges and rivers are important landscape elements that have not only been implicated in slowing the spread of many wildlife diseases (see following sections) but also in limiting the geographic distribution of particular genotypes or strains.
Simian immunodeficiency viruses (SIV) provide a good example of the effects of physical barriers in shaping the interaction between host movement and pathogen genetic structure. Major rivers appear to be strong dispersal barriers for many African primates including mandrill, gorillas and chimpanzees (Gagneux et al. 2001; Telfer et al. 2003; Anthony et al. 2007) , species that have also been identified as natural hosts of specific strains of SIV either throughout or within part of their range. Consistent with host ecology, large rivers also correlate well with the presence or absence of SIV within the same host species or with boundaries among distributions of different SIV sub-strains (Tsujimoto et al. 1988; Van Heuverswyn et al. 2007; Takehisa et al. 2009 ). These landscape genetic patterns thus help to better understand the complex history of host-parasite co-evolution in the case of SIV. Furthermore, they have implications for understanding zoonotic disease emergence by indicating where and when two chimpanzeeassociated strains of SIV, one of which ultimately gave rise to the global HIV-1 group M pandemic, could have entered the human population (Keele et al. 2006) . The fact that each of the two types is only found in chimpanzee communities inhabiting a relatively small catchment area pinpoints the geographic context for these host jumps with some confidence.
For the Zaire strain of Ebolavirus, another zoonotic pathogen circulating in Central Africa, the linkage between landscape barriers, host movement and pathogen genetic structure may be useful in identifying candidate animal reservoirs of the virus. Both wildlife mortality patterns and genetic data suggest that for several years virus outbreaks were restricted to the west side of a major river, the Oguee, before flaring up just east of it (Walsh et al. 2005; Lahm et al. 2007 ). While such a barrier effect is consistent with transmission among terrestrial hosts, such as primates, it would be unexpected for volant species, such as fruit bats, which so far are considered the most likely natural reservoir (Leroy et al. 2005) . Limited host dispersal ability also represents an important consideration when interpreting genetic data for pathogens that have emerged in amphibians in recent decades. Low variation and genetic homogeneity on regional and continental scales among isolates of iridovirus (Jancovich et al. 2005 ) and chythrid fungus (Goka et al. 2009; James et al. 2009 ) suggest high landscape permeability to pathogen transmission that is inconsistent with amphibian ecology but instead indicative of recent human-mediated spread.
The structure of a landscape, such as the size range and spatial distribution of habitat patches supporting host populations, can be another critical environmental determinant of parasite genetic structure. Again, the genetic pattern emerging for a particular parasite species will largely depend on how dispersal and overall population dynamics are affected by this type of spatial heterogeneity. A well-studied system in this regard is the anther smut, Microbotryum violaceum-a fungal plant pathogen infecting host populations with typically a patchy distribution. Fine-scale genetic analysis of the pathogen indicates that spatial aggregation within the host population structure can strongly affect the movement of the insects that vector fungal spores. Transmission by the vector occurs predominantly among neighbouring plants and appears to be very rare among different host populations irrespective of distance to the nearest patch (Giraud 2004) .
Although air-borne pathogens are expected to show much less genetic structure than pathogens restricted by local contact or limited dispersal, geographic and temporal variation in prevailing wind patterns can have a profound effect on the distribution of these air-borne pathogens and the genetic composition of their populations. The first outbreak of bluetongue virus (BTV) in the United Kingdom in 2007, for example, is thought to be the consequence of highly unusual wind conditions promoting the transport of infected midge vectors across the North Sea from continental Europe. Meteorological records show that these conditions were, in fact, limited to a particular day, yielding a highly precise estimate for the virus' introduction (Gloster et al. 2008) .
The evidence for such a scenario was strengthened by the simultaneous detection of two virus genotypes, previously documented only from Holland and Denmark. The introduction of several plant pathogens into novel geographic regions has also often been associated with unique weather events that have promoted long-distance establishment followed by sustained propagation (Campbell & Madden 1990) . Examples include the transport of coffee rust (Hemileia vastatrix) from Angola to Brazil (Bowden et al. 1971) , the movement of sugarcane rust (Puccinia melanocephela) into the Americas from Africa (Purdy et al. 1985) and the dispersal of aphids carrying maize dwarf mosaic virus pathogens of sweet corn into Minnesota from its origin in the southern Great Plains (Berger et al. 1987) . As these and similar examples (Sellers & Maarouf 1991) illustrate, it is usually the deviation from normal weather conditions that has revealed their effect. Future work should examine whether meteorological data could be used more generally to produce predictive models for wind-dispersed pathogens, models that could then be validated using spatial-genetic data.
Many of the concepts and considerations we have discussed regarding spatial structure and its impact on parasite population genetics are equally relevant to infectious diseases maintained in humans or domestic species. Host population structure in these cases may be best described in terms of spatial networks with varying degrees of contact rather than physical landscapes. Yet by focusing on the identification of genetic discontinuity or connectivity and their underlying mechanisms, landscape genetics and molecular epidemiology clearly share conceptual common ground in many ways. Relevant research examples of human diseases in this context include efforts to genetically track the spread of viruses within and among local networks of high-risk groups (e.g. intravenous drug users) in order to identify heterogeneity in host contact structure (Wylie et al. 2005; Lewis et al. 2008) . Similarly, transmission of certain pathogen lineages or strains has been compared to patterns of livestock trade and movement (Smith et al. 2006; Cottam et al. 2008) .
Inferring disease dynamics from host genetic structure
In cases where disease transmission can unequivocally be attributed to a particular wild host or vector species, landscape genetic analyses are sometimes directed at these species rather than the disease agent itself. Such an approach can offer distinct advantages, for example, for infectious organisms exhibiting insufficient genetic variation. Prion diseases, such as chronic wasting disease (CWD), are illustrative of this scenario. Blanchong et al. (2008) tested whether potential dispersal barriers had affected gene flow and spread of CWD in whitetailed deer in Wisconsin and found increased genetic differentiation among populations separated from the core CWD-affected area by two types of landscape barrier, highways and rivers ( Fig. 1 ). This type of information is critical from a disease management perspective because it can be used as the basis for developing local strategies for CWD surveillance and control (Blanchong et al. 2008) .
Importantly, Blanchong et al. (2008) also found that higher genetic differentiation was associated with lower relative disease prevalence ( Fig. 1 ), which establishes a link between deer dispersal and gene flow and the level of CWD spread. While such a linkage is commonly assumed, its strength should in fact be highly dependent on the manner in which parasite life history and host ecology interact. Contact patterns inferred from host genetics may overestimate the opportunities for spatial spread if the infectious period is short relative to the timescale of dispersal (Cross et al. 2005) or if infected dispersers bear a high fitness cost. Also, individuals may be most likely to become infected after dispersing because the pathogen is sexually transmitted and thus skewed towards reproductive individuals. Conversely, measures of host gene flow may underestimate disease spread if the probability of long-distance transmission is high relative to the chance of successfully immigrating and reproducing. For example, a narrow hybrid zone separating two rabbit subspecies on the Iberian peninsula that represents a substantial barrier to interspecific gene flow (Geraldes et al. 2006) appeared to have had no limiting effect on the rate of spatial spread of rabbit hemorrhagic disease virus (Muller et al. 2009 ).
Because of the above limitations, host genetic structure is generally most useful as a qualitative, rather than quantitative, measure of potential disease spread by revealing the most likely invasion pathway over a specific landscape. This approach was illustrated in the analysis of raccoon rabies spread and raccoon gene flow across two major rivers at the boundary between the US and Canada (Cullingham et al. 2009 ). One of these rivers appeared to have halted the spread of raccoon rabies for over a decade with no detection of this rabies virus strain on the Canadian side, whereas the other had experienced multiple documented invasions over a similar time frame. Since the disease control efforts in the two regions were equivalent, the authors hypothesized that the spatial heterogeneity in disease incidence may be driven by different racoon dispersal patterns. Consistent with the absence of rabies, they found permeability of the first river to raccoon gene flow to be low with one distinct genetic cluster identified on either side and a low percentage of potential immigrants assigned across the barrier. In contrast, the genetic structure of raccoons in the second case showed no association with the river, in accord with the observed pattern of repeated raccoon rabies invasion. The puzzling finding that the same type of environmental feature can have such different effects on host movement and disease spread certainly highlights the implication that landscape complexity and its population genetic consequences cannot be reduced to a simple search for dispersal barriers in an otherwise homogeneous matrix. Cunningham proposed that differences in resource distribution (as the driver for raccoon density and dispersal distance) as well as landscape configuration and shape may have contributed to the observed pattern. Clearly, more studies of this type are needed to better understand how different environmental factors in natural landscapes interact to drive host population genetic, demographic and epidemiological processes.
One aspect of assessing landscape permeability from the host point of view is that it can allow us to assess prospectively, even in the absence of the parasite, which areas would be predicted to be most prone to disease invasion in the future. Bataille et al. (2009) addressed this type of question regarding the potential spread of West Nile Virus (WNV) into the Galapagos archipelago, an event that would be expected to have catastrophic consequences for the endemic bird and reptile fauna. Because WNV is transmitted by mosquito vectors, including a species that recently established populations on the Galapagos, patterns of contemporary gene flow in the vector could provide a basis for assessing the risk of disease invasion. Genetic results for the mosquito clearly show that inadvertent introductions from the mainland to some islands via aircraft are common and ongoing. Furthermore, these introductions are often followed by further admixture among different island populations (Bataille et al. 2009 ). Consequently, human transportation networks appear to have all but removed the natural impediments to vector movement associated with impermeable oceanic barriers. Although WNV has not yet reached mainland Ecuador, it is expected to do so within the next few years. Recently implemented control programs against mosquito transfer (Bataille et al. 2009 ) will have to be strictly adhered to if the virus' introduction to the Galapagos is to be prevented. These types of prospective genetic approaches are likely to become increasingly common, given that predicting and quantifying future infectious disease threats remains one of the major research challenges in disease ecology and epidemiology . However, this also raises the need for more studies trying to verify these genetically derived predictions and to test their accuracy at least on a qualitative, if not on a quantitative, level. Ideally, this would involve a comprehensive collection of comparative genetic data for both parasite and host. One system that has received considerable interest in this regard is avian influenza and the looming risk of the highly pathogenic H5N1 strain being introduced from Eurasia to North America through wild bird species. To examine this issue from the host perspective, Winker et al. (2007) conducted genetic analyses for several dominant waterfowl species. Results indicated that gene flow across continental boundaries likely occurs at a small but epidemiologically relevant level in several species (Winker et al. 2007) . This is generally consistent with rarely observed intercontinental transmission of individual avian influenza virus segments (Makarova et al. 1999 ) even though migration of complete virus has not yet been documented (Dugan et al. 2008) . More recent work has corroborated that Eurasian virus segments have been repeatedly introduced into North America over the last few decades but also found evidence that the range of host species capable of facilitating such an exchange may be even greater than previously thought ). The large number of wild species potentially involved in avian influenza transmission represents one of the major problems for monitoring the virus and for developing risk models of intercontinental spread based on genetic data.
Temporal and spatial scales of epidemiological processes
Epidemiological processes can be highly variable over space and time. Being able to put results of spatial genetic analyses of infectious diseases into a temporal context is therefore often critical for their correct interpretation. Estimating divergence times from genetic data requires knowledge about evolutionary rates, which when combined with coalescent theory can give detailed insights not only about the dates associated with emergence and spread of parasites but also about their population dynamics (Kingman 1982; Pybus & Rambaut 2009 ). Among parasites, coalescent approaches are most commonly applied to RNA viruses, for which epidemiological and evolutionary dynamics fall onto similar timescales due to their rapid rates of evolution (Holmes 2004; Pybus & Rambaut 2009 ).
Influenza A virus, more specifically the H3N2 strain predominantly responsible for human seasonal flu, provides a striking example of the complex spatio-temporal dynamics that can be inferred from viral sequence data Russell et al. 2008) . Analyses of several thousand H3N2 sequences collected worldwide have revealed that the virus is not able to sustain itself in temperate regions, where it causes seasonal epidemics during the winter but disappears over the summer months. Furthermore, viruses circulating in the same temperate location are more closely related to those from other temperate regions than to those that had been present during the previous season, suggesting annual seeding from a common source ). This source is thought to be southeast Asia where, possibly due to particular environmental conditions, the virus persists throughout the year and where new antigenic variants arise capable of escaping recognition by the human immune system (Russell et al. 2008) . From this tropical reservoir, viruses are able to spread each year along human transportation networks around the world to start new seasonal epidemics in temperate regions (Fig. 2) . Molecular evidence for such a scenario comes from new genetic and antigenic variants appearing earlier in southeast Asia and observing that variants from this area tend to branch off directly from the trunk of the phylogenetic tree (Russell et al. 2008) . In further support of this model, it has been shown that new drug resistant viruses arose and circulated in southeast Asia before reaching a global distribution (Nelson et al. 2009 ). Influenza A thus represents a clear example of source-sink dynamics of an infectious disease agent playing out on a global scale, an observation that has obvious implications for vaccine design and other control measures. The critical role of endemic core areas relative to peripheral populations that only support infections temporally is particularly well documented for measles (Grenfell et al. 2001) , but probably characterizes the dynamics of many diseases across different spatial scales. For individual hosts, for example, the issue of certain organs acting as spatial refugia from treatment or immune attack commonly arises (Wong et al. 1997; Sobesky et al. 2007) . Within natural landscapes, persistence of diseases maintained in wild host reservoirs are often thought to depend on particular habitat types or landscape features, usually identified using GIS-based methods (Ostfeld et al. 2005; Glass et al. 2007; Wimberly et al. 2008) . As shown for influenza, genetic inference could play a major part in validating and quantifying the relative contribution of these source populations to long-term disease dynamics and infection risk across the landscape.
A common and somewhat puzzling result of coalescent analysis of RNA viruses is that their population history can often only be traced back to a most recent common ancestor a few hundred years ago. This includes viral pathogens which are thought to have been around for several millennia including measles and mumps (Holmes 2003; Pomeroy et al. 2008) . Common ancestry in the recent past therefore implies fairly regular and complete population turnover that has effectively removed all historic genetic diversity in these viruses. This lack of ancestral diversity is noteworthy from a landscape genetics point of view because it implies complete permeability of host populations to viral spread over a timescale of a few centuries. This may be quite plausible for many of the human viruses for which movement and contact patterns over such timescales, even on a global scale, may not be limited by physical boundaries. Older ancestors can be seen in viruses of domesticated species, such as dog rabies, presumably because of reduced connectivity among populations compared to human hosts (Bourhy et al. 2008) . However, significantly more spatial structure and even deeper divergence times would be expected for viruses associated with wildlife reservoirs, especially in terrestrial species for which populations are significantly structured by environmental features.
Rodents and rodent-borne viruses may be good test case for this. Sin Nombre virus (Hantaviridae), for example, is a zoonotic pathogen maintained through asymptomatic infection of mice in the genus Peromyscus. Intriguingly, coalescent analysis of Sin Nombre virus sampled across western North America suggests an ancestor within the last 100 years (Black et al. 2009 ). Based on the spatial distances among sampling locations, this estimate implies a spreading rates of >5 km per year at a minimum. Such a high rate would be surprising for a directly transmitted parasite considering small host body size and the complexity of the largely mountainous landscape, which appears to affect the genetic structure of Peromyscus populations (Root et al. 2003; Dragoo et al. 2006) . Even if this spreading rate may be an overestimate, given that the underlying evolutionary rates are fast compared to those derived from larger data sets of related viruses (Ramsden et al. 2008) , the result raises the general question of whether the resistance of natural landscapes to disease spread may be significantly lower than one might suspect based on host ecology and dispersal ability. So far, few comparative studies have examined how these host attributes affect spatial transmission processes and parasite gene flow (Blouin et al. 1995; Brown & Hovmoller 2002; Criscione & Blouin 2004 ) and whether general predictions in this regard are possible.
Spatial and temporal analysis of pathogen genetic data is widely applied to viral diseases but rarely to other parasites including some with potentially high rates of evolution, such as bacteria. Bacterial populations are frequently characterized by rapid clonal expansion (Smith et al. 2006; Keim & Wagner 2009) making it difficult to establish sufficiently resolved phylogenetic relationships. One noticeable exception is work by Girard et al. (2004) who examined the population genetic structure of Yersinia pestis, the bacterium causing plague, at two different landscape scales during an extensive prairie dog die-off in Arizona in 2001. In addition to field data, the authors used a passage experiment with field-derived plague isolates to empirically determine the pathogen's mutation rate, allowing them to infer timescales of epidemiological processes from genetic distances. On a regional scale, several distinct genetic groups could be detected, indicative of almost simultaneous but independent introduction of plague into prairie dog populations from an unknown reservoir. These introductions were likely triggered by environmental conditions. In addition, isolates belonging to the same grouping tended to cluster in space, especially among populations connected by open grassland, which represents principal prairie dog habitat. In contrast, populations separated by forest rarely shared the same genotype of plague suggesting that these landscape characteristics affected pathogen dissemination possibly by influencing prairie dog movement.
On a more local scale, genetic differentiation was even detectable among plague isolates within a single outbreak location so that the molecular data could be used to track spatial progression of disease across a prairie dog town ( Fig. 3 ; Girard et al. 2004) . Comparing the observed genetic pattern to the experimentally determined mutation rate revealed that the outbreak must have taken place in two distinct phases: the high
L A N D S C A P E G E N E T I C S O F I N F E C T I O U S D I S E A S E S 3521
frequency and wide distribution of a single genotype implied that initial progression was extremely rapid, leaving insufficient time for mutational events to occur. Only during a second slower phase, probably characterized by local burrow-to-burrow transmission, was the emergence of new, spatially restricted variants apparent. Interestingly, this two-stage invasion process does not seem to be limited to the local scale but is also characteristic for global patterns of plague colonization (Keim & Wagner 2009 ). While population genetic studies of this kind are still rare for bacterial diseases, this situation is likely to change as rapid advances in sequencing technology makes whole bacterial genomes, and thus spatially informative polymorphisms, increasingly available (Harris et al. 2010) .
The general lack of genetic variation has also so far limited molecular investigations of chytrid fungus, an important emerging pathogen in amphibian populations. While genetic monomorphism is generally consistent with the idea that the fungus became globally distributed rather recently, more diverse markers have been identified and are permitting the test of epidemiological scenarios on a more local scale (Goka et al. 2009; James et al. 2009 ).
Genetic variation in parasite and host and its relative distribution across space and time is of course not only of interest where it reflects neutral markers but also as the basis for adaptive change. It has long been recognized that spatial population structure can strongly influence the process of co-adaptation between parasite and host and the evolution of virulence. We do not discuss these issues here but point to the rich body of literature examining these issues in detail (Dybdahl & Storfer 2003) . Instead, we highlight some recent examples of environmental variation influencing the emergence and spatial spread of resistance in both host and parasite.
Avian malaria is a major threat to the endemic avifauna of Hawaii but resistance has recently been documented in one of the affected native bird species (Eggert et al. 2008) . Disease pressure on these birds varies along an environmental gradient because cooler, high elevation habitats that do not support the mosquito vector are essentially disease free. Whether resistance evolved in the populations at high elevation, which are large but under little selective pressure, or in small surviving remnant populations at low elevation remains an open question. Molecular studies supported the latter scenario in that resistant lowland and susceptible highland populations are genetically distinct (Eggert et al. 2008) . Interestingly, two related species that don't show the same genetic segregation with altitude have so far failed to evolve resistance and remain rare at low elevation. Pearce et al. (2009) suggest that the evolution and geographic extent of drug resistance in the malaria parasite Plasmodium falciparum to commonly used drugs arose independently in at least five different areas in Africa. Furthermore, the current spatial distribution of different resistance alleles falls into geographical clusters with little overlap (Fig. 4) . One intriguing possibility is that dispersal barriers or other changes in environmental conditions are preventing alleles from increasing their current distribution (Anderson 2009 ). However, before researchers can focus on understanding the basis for these genetic boundaries, alternative explanations need to be ruled out. Because the current distribution map is essentially a snapshot it is possible that these alleles, which all appeared within the last few decades, are continuing to spread and simply have not had enough time yet to spatially admix (Pearce et al. 2009 ). The latter scenario best explains a very similar pattern of spatial clustering found in a cougar virus, where it is thought to be the result of a recent population bottleneck followed by spatial expansion that is still ongoing (Biek et al. 2006) .
The question whether genetic discontinuities are really explained by environmental variables rather than random or temporary processes arises as a fundamental problem in landscape genetics (Cushman & Landguth 2010) . Spatial genetic boundaries in parasite populations can arise spontaneously and without any landscape influence, especially if they are inferred from a single locus . Data from additional unlinked loci and from host or vector genetics are therefore often needed to identify genuine structure. Even for a wellstudied system like malaria these types of data are currently not available at the appropriate scale and resolution (Pearce et al. 2009 ).
Invasion dynamics
The emergence of new infectious diseases or their spread to novel areas are often dramatic events with significant health and economic consequences as illustrated by the recent examples of SARS, WNV, foot-andmouth disease virus, or the H5N1 and H1N1 strains of influenza A. Because of their impact, these diseases are usually recognized early and their progression documented with samples taken over the course of invasion. The substantial record of samples and analysis associated with important emergence events has often enabled researchers to study the temporal and spatial process of invasion in great detail (CSMEC 2004; Wallace et al. 2007; Smith et al. 2009 ). This has been especially the case for viral diseases, which, as also seen from the list above, are responsible for the vast majority of emerging microbial threats (Cleaveland et al. 2001) . In addition, the characteristic of RNA viruses to accumulate mutations frequently enough to track the underlying ecological process of viral spread means that a wealth of epidemiological information can commonly be gleaned from molecular data when analysed in a temporal coalescent framework (Pybus & Rambaut 2009) .
A key epidemiological question for any new disease outbreak is: from where did this disease originate and how has spatial diffusion proceeded from there? Even if viral samples are not available until the disease has already spread to additional locations, the resulting sequence data will frequently contain information about the temporal order in which populations were seeded and the frequency of viral exchange among them. Different methods have been applied to infer this but all have in common that they use the spatial phylogenetic information associated with the samples (i.e. the tree tips) to estimate ancestral spatial states for all internal nodes of the phylogeny including the root. If the spatial states are discrete (i.e. countries, habitat types, etc.) a parsimony principle can be used to infer the minimum number of spatial state changes required throughout the phylogeny to explain the data represented by the tree tip. It is worth noting that while this is the same parsimony principle as the one used to find phylogenetic trees, the spatial reconstruction is independent of the tree search and in fact assumes that the phylogeny is already known. Using this method, Wallace et al. (2007) deduced the origin and phylogeographic spread of H5N1 influenza virus in Eurasia based on close to 200 sequences from two viral genes. They identified Guandong province in China as the likely source of the epidemic and quantified the amount of viral movement between locations at both local and regional scales. Statistical support for the inferred migration rates was assessed by comparing them to a distribution generated from repeatedly randomizing the spatial states at the tree tips while keeping the phylogeny constant (Wallace et al. 2007) .
Although the parsimony method is intuitive and easy to implement, it ignores two important sources of uncertainty: the underlying tree and the estimation of the spatial state itself. A Bayesian inference approach that addresses both these issues has been developed recently and was used to re-analyse the same H5N1 data set (Lemey et al. 2009 ). This study confirmed Guandong province as the most likely origin but showed that some of the earlier conclusions were no longer statistically supported once additional sources of uncertainty had been taken into account. Dates associated with all samples were used to estimate evolutionary rates and to calibrate the phylogeny, which provided a means to visualize the spatial diffusion process through temporal snapshots (Fig. 5) . The study also introduced novel ways of using the spatial information more explicitly through the formulation of distance-informed priors on migration rates. Future extensions, already explored in biogeography (SanmartÌn et al. 2008) , may also be able to scale migration rates with local host population size akin to the use of gravity models in epidemiology (Xia et al. 2004) . One major limitation of the current approach is that the inferred migration rates are constrained to be symmetrical with viral movement from A to B being equivalent to movement from B to A. However, a revised version has already been developed that is able to also accommodate the kind of directional imbalances one would expect during an invasion (P. Lemey, personal communication) .
While the two molecular H5N1 studies above were successful at quantifying viral movement they provide little information about the specific factors that drive geographical variation in the invasion process. Gilbert et al. (2008) investigated outbreaks in several southeast Asian countries using GIS and remote sensing data to identify environmental predictors of H5N1 occurrence. Human population size, duck numbers and rice cropping intensity were associated with increased disease risk in their model. Other work has examined the importance of additional factors, particularly wild bird migration and poultry trade, in the global spread of avian influenza virus (Kilpatrick et al. 2006) . Spatial risk maps from these types of approaches could thus be used in future analyses to test whether the identified environmental variables are able to explain the observed phylogeographic patterns of H5N1 spread at various scales.
The large number of potential host species, both wild and domestic, and their complex movement patterns clearly makes spatial inference particularly challenging in the case of avian influenza. The same complexities do not apply to rabies virus, where several large-scale invasions have occurred over the last century, usually in a characteristic wave-like fashion and driven by one or few terrestrial wild carnivore species (Bourhy et al. 1999; Real et al. 2005; Biek et al. 2007) . As a consequence, wildlife rabies represents a particularly informative and well-studied model for the landscape genetics of infectious disease invasion. In Europe, an epizootic in red foxes that started in northeast Europe during the mid-20th century continuously spread westwards to reach France in 1986. Molecular analysis of this outbreak revealed a distinct ladder-like pattern within the phylogenetic tree, consistent with spatial progression: viruses from the outbreak origin in northeastern Europe branched off close to the tree root whereas those from the areas in western Europe invaded last, branched off near the tips (Bourhy et al. 1999; Holmes 2004) . The same study was also the first to show that spatial genetic structure of rabies virus may be organized along major rivers and mountain ranges.
Two other major rabies invasions occurred during the last century, both in North America. The first originated in arctic foxes through which it entered into northern Canada before spreading southwards and becoming associated with red foxes the current principal host species. A fine-scale genetic analysis of the virus in southern Ontario, one of the southernmost areas reached by this invasion, revealed high viral diversity and strong spatial clustering of the same genotypes within a relatively small area (Nadin-Davis et al. 1994) . While this pattern was originally interpreted as being driven by environmental variables, later analysis by Real et al. (2005) showed that it is in fact fully consistent with an isolation-by-distance process. These analyses further revealed that invasion of southern Ontario took place in the form of two distinct waves, representing two arms of the invasion front that had entered the area from two different directions. Curiously, no sign of spatial admixture among the two wave fronts was detected. Furthermore, the strength of the isolation-by-distance pattern differed markedly between the two lineages suggesting that both were characterized by very different epidemiological dynamics.
The second North American rabies epizootic took place among raccoon populations along the Atlantic coast from 1977 onwards. A unique feature of this outbreak is that its starting point and spatial progression have been documented at a relatively fine resolution from a very early stage. In all likelihood, this invasion was initiated by the translocation of raccoons from Florida, where raccoon rabies had been endemic for at least several decades, to West Virginia where raccoon populations were completely naïve to the virus. From this single point of introduction, the infection wave radiated out into all directions across a major portion of the eastern US and could only be prevented from northward expansion into Canada and from further spread to the west through the massive and ongoing deployment of an oral rabies vaccine (ORV) (Rupprecht & Smith 1994) .
Genetic analysis showed that the pattern of spatial radiation in this outbreak finds a clear reflection in its phylogenetic structure, with different viral lineages representing different general directions of spread ( Fig. 6 ; Biek et al. 2007 ). This orderly pattern permitted the estimation of ancestral spatial states, here in the form of continuous geographic coordinates (i.e. latitude ⁄ longitude) rather than discrete states, from the phylogeny. While the uncertainty associated with this method is high, the point estimate for the epizootic origin fell reassuringly close to the documented first case (Fig. 6) . Results further indicated that rabies lineages had encountered very different levels of landscape resistance to viral spread. For example, spatial progression of genetic lineages that entered into the Appalachians, supporting lower density of raccoons and likely restricting their movements, more Reprinted from Lemey et al. (2009). or less stalled in most cases. In contrast, lineages that spread into urban areas along the coast, which support particularly high raccoon densities, had been able to traverse these areas very rapidly (Fig. 6) . Demographic reconstruction based on temporal coalescent methods further showed that these landscape heterogeneities had repeatedly caused notable changes in the overall number of infections over the course of the invasion.
Another important insight from the raccoon rabies study is that the speed at which viruses spread during wave front expansion was markedly higher than after local establishment . Combined with the rapid divergence into separate lineages along different diffusion axes, this means that spatial genetic structure is largely determined by the initial invasion process but remains relatively stable once the virus has become enzootic (Fig. 6) . This fits into a more general recognition of the importance of stochastic processes along wave fronts during colonization processes and their long lasting impact on the colonisers' population genetic structure (Excoffier & Ray 2008) . In the case of rabies, this phenomenon relates to colonization reducing the density of susceptible hosts available for infection. As a consequence, viruses may have a relatively low probability of successfully dispersing into areas already colonized by another virus (of equal fitness). Landscape elements limiting host movement are likely to further accentuate this pattern by forming natural boundaries among different genetic groups. However, even a complete absence of detectable viral gene flow across a barrier in an endemic situation would not imply a lack of movement of infected hosts. This has important implication for designing control strategies based on spatial genetic structure in the virus because the same landscape barrier may pose few limits to viral spread when separating infected and susceptible populations, greatly reducing its epidemiological importance.
Conclusions: future directions for studying landscapes and infection dynamics
The interface of landscape genetics and epidemiology is a rapidly expanding research area that is poised to make relevant contributions to our ecological and evolutionary understanding of host-parasite interactions and disease. Such a contribution is also timely given the large impact infectious diseases are having not only on human populations and their economies but also wild species and ecosystems. Many of our examples focused on microparasites, especially viruses, reflecting their prominent role as emerging pathogens (Woolhouse 2002) . The rapid genetic changes typically seen in these organisms further results in genetic patterns that can be matched to environmental heterogeneities at precise and well-defined temporal and spatial scales, making these systems wellsuited for microevolutionary studies. The biological characteristics of many viruses and bacteria (e.g. haploid genomes, insufficient recombination resulting in essentially one locus, rapid spread over continental or global scales), however, means that the analytical approaches applied to them tend to be different from those most commonly seen in the landscape genetics literature. Phylogenetic and coalescent-based methods, for example, are much more prominent and have only recently made more explicit use of spatial information within a statistical framework (e.g. Lemey et al. 2009 Lemey et al. , 2010 . There is therefore good reason to believe that current conceptual and methodological advances in landscape genetics as a whole, including some of those covered in this issue, could significantly enhance the analytical toolbox available to infectious disease researchers. GIS are a well-established tool in spatial studies of infectious disease (Clements & Pfeiffer 2009; Waller & Gotway 2004 ) but remain strangely underused in molecular epidemiology. Emerging pathogens such as avian influenza and Sin Nombre virus, which have been well studied from both perspectives, could be obvious test cases for a better integration of pathogen genetic data into GIS. Possible applications range from the identification of spatial genetic patterns (e.g. interpolation and clustering methods) to the specification of geographical models and hypotheses, which then could be tested against molecular data (Kidd & Ritchie 2006) . Techniques focused on differential landscape permeability, such as least cost path analysis, non-Euclidian distance matrices or isolation by resistance (Cushman et al. 2006; Kidd & Ritchie 2006; McRae 2006) , should be widely applicable, especially in the context of pathogen invasion and persistence. GIS are a particularly powerful analytical platform for this because they can accommodate such a wide variety of data which, depending on the pathogen systems, may range from habitat or climatic variables to patterns of human transportation and livestock movement. Ecological niche modelling is another spatial tool that is already being applied to understand past, current and future patterns of infectious disease distribution (Peterson 2006) . Similar to those mentioned above, this technique has considerable potential to generate testable predictions about the genetic structure of parasite populations and how they may respond to climatic and other environmental changes. Finally, our understanding of how landscapes simultaneously affect epidemiological and genetic processes could be greatly enhanced by a broader application of simulation studies, which can yield important insights regarding the reliability and power of different analytical techniques and which have an increasingly important role to play in generating meaningful null hypotheses (Frantz et al. 2009; Epperson et al. 2010) .
A common tactic for examining the potential or realized spread of infectious disease through a landscape is by investigating the genetic structure of the host, especially if the parasite is closely associated with a particular host species (Frantz et al. 2009 ). However, as some of our examples as well as experiences from co-evolution and biogeography show (Nieberding & Olivieri 2007) , even a very strong association of host and parasite may not necessarily lead to genetically congruent patterns. Concordance between gene flow of parasite and host can thus rarely be assumed a priori but should ideally be confirmed through comparative genetic analysis of both. There is a clear need for more combined micro-evolutionary studies to determine how parasite and host populations experience and genetically respond to the same physical landscape. Such studies need to be carefully designed because issues related to the appropriate temporal and spatial scales of inference (Balkenhol et al. 2009; Anderson et al. 2010 ) may be exacerbated when examining host-parasite pairs due to differences in evolutionary rates, effective population sizes or demographic variability (Bruyndonckx et al. 2009 ). One critical research question is how spatial variation in host density affects the dynamics of both transmission and host dispersal and how these factors interact in driving the local and long-distance spread of disease. Intensifying research in this area would thus help to understand how hostparasite interactions at the micro-evolutionary level may scale up to create larger patterns but also offer interesting applications. For example, it may ultimately be possible to develop predictive models of disease spread in novel environments by combining information about host ecology and genetics, geography and parasite life history.
While epidemiological studies should benefit greatly from engaging more broadly with the tools and concepts available from landscape genetics, they also have much to offer in return, as increased knowledge about the processes governing host-parasite co-evolution in heterogeneous environments should open up exciting research avenues in multiple directions. The high temporal and spatial resolution of genetic structure afforded in many parasites offers unique opportunities to quantify temporal and spatial variation in host contact processes. This 'parasite as host marker' approach has
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considerable potential for applied landscape ecology and conservation (Whiteman & Parker 2005) , but is still rarely used for this purpose. The potential for rapid genetic change also makes infectious organisms a promising target to examine the geographical context of adaptive evolution in continuous populations, one of the current frontiers in landscape genetics (Manel et al. 2010) . Further, some of the selective forces acting on parasite populations, such as drugs or host immunity, are well defined and even amendable to experimental manipulation, a rare constellation that could present novel research opportunities for examining how landscape structure affects adaptive dynamics.
In conclusion, there are many reasons why a larger and multidirectional exchange of data, methods and ideas among epidemiologists, landscape ecologists and population geneticists would be desirable and should lead to new and innovative lines of research. It is becoming increasingly recognized that landscape genetics has a much broader scientific remit and relevance as a discipline than initial work in this field had suggested (Balkenhol et al. 2009 ). The study of infectious disease dynamics and genetics in heterogeneous environments should become an integral part of such a broadened agenda for landscape genetic research.
